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ABSTRACT

Constructing a stable solid electrolyte interface (SEI) with high productivity and scalability is
essential for practical application of thin Li metal anodes. Here, we report a chemical vapor
transformation (CVT) strategy in which Li metal is exposed to trimethylaluminum (TMA),
inducing a rapid and spontaneous surface reaction that forms a robust, multi-layered SEI. /n situ
quartz crystal microbalance (QCM) and quadrupole mass spectrometry (QMS), combined with ex
situ X-ray photoelectron spectroscopy (XPS), UV Raman spectroscopy, and density functional
theory (DFT) calculations, reveal that TMA removes the native passivation layer, reacts with Li
metal, and drives a coupled bulk-surface transformation involving Li-Al interdiffusion. The
resulting SEI exhibits a chemically graded structure consisting of an inner Li-Al alloy and an outer
amorphous carbon layer, formed via demethylation and ligand-exchange pathways. This modified
surface exhibits significantly enhanced stability compared to bare Li in electrochemical cycling
using liquid and solid-state electrolytes. This work unveils a unique surface-mediated bulk
transformation mechanism for lithium metal and establishes CVT as a scalable and fundamentally

distinct approach for interfacial engineering of reactive metals.
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1. INTRODUCTION
The development of high energy density batteries is not only a technological necessity but also a
cornerstone for driving innovation in cutting-edge applications.!? In this regard, Li metal anodes
are considered a promising material for achieving high energy density batteries, including all-
solid-state batteries (ASSBs), Li-metal batteries (LMBs), and Li-sulfur batteries, due to their high
theoretical capacity (3860 mA h g'') and low reduction potential (~3.04 V vs. standard hydrogen
electrode).>* However, the practical application of Li metal anodes faces considerable challenges,
primarily due to the instability of the solid electrolyte interface (SEI), which arises from parasitic
reactions between Li metal and electrolytes, ultimately leading to dendrite growth, dead lithium
formation, and substantial increases in both volume and impedance.’ Moreover, to enable Li metal
batteries to surpass the energy density of commercial Li-ion batteries with graphite anodes, the Li
metal anode thickness should be approximately 50 um or less.®’ Such thin foils are typically
produced by rolling extruded Li ingots, a process that commonly utilizes lubricants to control
tension and ensure uniform thickness.®® However, during this process, native passivation
components such as Li2COs3, Li20, and LiOH, inevitably form on the Li metal surface even under
an inert atmosphere.'® These heterogeneously distributed layers exhibit variations in conductivity,
thickness, and mechanical stability, resulting in uneven Li-ion transport, localized overpotentials,
and areas of high current density.!""!? For this reason, establishing a stable and uniform SEI layer
while minimizing the accumulation of byproducts at the interface is critical for maintaining the
electrochemical performance of Li metal anodes.

Over the past few decades, atomic layer deposition (ALD) has been extensively studied for its
significant advantages in surface and interface engineering for energy storage materials, owing to

its ability to create conformal coatings with precisely controlled atomic-scale thickness and
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composition. Various coating materials including metal oxides (e.g., AlLOs3, from

trimethylaluminum and H20, ZrO: (from tetrakis(dimethylamido)zirconium and H»0),!*!¢

fluorides (e.g., LiF from lithium tert-butoxide and HF-pyridine),'”!8

phosphates (e.g., Li3PO4 from
lithium tert-butoxide and trimethyl phosphate),'” and sulfides (e.g., LixAlyS from lithium tert-
butoxide, tetrakis(dimethylamido)aluminum, and H2S), 2° have been applied to Li metal to fulfill
multiple functions: preventing direct contact with electrolytes, serving as physical barriers against
dendrite growth, and facilitating a uniform Li" flux.

While these studies have primarily focused on the electrochemical behavior of coated Li metal,
they often overlook the underlying ALD growth mechanism on the highly reactive Li surface. In
many cases, the thicknesses of ALD layers on the Li metal are estimated based on the number of
ALD cycles, under the assumption that ALD proceeds on Li metal similarly to conventional
surfaces such as hydroxylated silicon. However, unlike conventional ALD where gas-phase
precursors react in a self-limiting manner with surface functional groups (e.g., hydroxyl groups),
dopants, or defect sites on the target material, ALD on Li metal may exhibit non-self-limiting
behavior, particularly during the initial growth cycles. Indeed, enhanced Al2O3 growth on Li metal
during the early stages of ALD was observed in the previous work, with growth rates reaching up
to 5.5 A/cycle over the first 1-10 ALD cycles,'* compared to ~ 1.2 A/cycle on hydroxylated
silicon.?! This observation suggested a unique growth mechanism which might be influenced by
direct reactions between the ALD precursors and the Li surface or its native passivation layers.??
Building upon these observations, we identified a distinct chemical interaction between freshly
exposed Li metal and the trimethylaluminum (TMA) precursor. This reaction, which produces a

black coating layer on Li metal almost instantaneously upon TMA exposure, deviates from

conventional ALD behavior and prompted further investigation. We define this process as
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chemical vapor transformation (CVT) —a rapid and reproducible surface modification process with
promising implications for Li metal protection.

In this study, we elucidate the underlying mechanism of CVT, focusing on the chemical
interaction between TMA, a common precursor for Al203 ALD, and 20 pm Li metal to regulate
interfacial layer formation on electrodes for sulfide-based ASSBs and LMBs with carbonate-based
liquid electrolytes. Unlike conventional Al.O3 ALD, which involves alternating exposure to TMA
and H20, the CVT process utilizes a single TMA exposure with extended dosage time to facilitate
the reaction with Li metal and surface impurities. The CVT mechanism between TMA and Li
metal was investigated using in situ quartz crystal microbalance (QCM), in situ quadrupole mass
spectrometry (QMS), UV Raman spectroscopy, field emission scanning electron microscopy (FE-
SEM), and X-ray photoelectron spectroscopy (XPS) measurements and density functional theory
(DFT) calculations. Following the CVT process, spherical morphology measuring several hundred
nanometers in diameter consisting of a lithium-aluminum (Li—Al) alloy and an amorphous carbon
layer formed on the Li surface. Moreover, we found that the native SEI layer on the Li metal
surface including carbonates and oxides was effectively removed during the process. In our work,
SEI refers to the native interfacial layer on Li metal as well as the modified surface layer generated
by CVT. As a result, 20 um Li anodes subjected to TMA CVT for 5 seconds (TMA-5s) yielded
significantly enhanced cycling stability compared to bare Li. Specifically, TMA-5s|LisPSsClI
(LPSCI1)|TMA-5s symmetric cells achieved a cycle life up to seven times longer, and TMA-5s|1.2
M LiPF¢ in EC/EMC (3/7, w/w)TMA-5s symmetric cells lasted more than twice as long. More
importantly, the entire CVT process was completed in a short time (a few seconds) and in a single
step, highlighting its potential for improving scalability and productivity in fabricating stable

interfacial layers for thin Li metal anodes. These findings elucidate the critical role of CVT in
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stabilizing Li metal surfaces, paving the way for the development of high-performance energy
storage devices including ASSBs with limited Li metal anodes. To the best our knowledge, this is
the first report of a “bulklike” chemical transformation of metallic Li upon TMA exposure that
may have been overlooked in previous reports of ALD coatings on Li, and possible reasons for

this oversight will be discussed below.
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2. RESULTS AND DISCUSSION

2.1 Mechanism of SEI formation on Li metal by TMA CVT

To investigate the mechanism of SEI layer formation by TMA CVT on Li metal, we utilized a
custom ALD reactor equipped with in situ QCM connected to an Ar-filled glovebox (Figure 1a).
First, a quartz crystal sensor was coated with Li metal using electron beam evaporation under
ultrahigh vacuum, resulting in a thickness of approximately 500 nm. For comparison, a quartz
sensor coated with ALD Al2O3 was also evaluated. Figures 1b, ¢ shows the mass changes recorded
during in situ QCM measurements on the Li-coated and Al2O3-coated quartz crystal sensors, along
with the pressure variations in the reactor, as a function of time during 40 successive TMA
exposures. The mass change per unit area (Am) was calculated by measuring the shift in the

resonant frequency (Af) of the quartz electrode, as described by the Sauerbrey equation:?

_ _(pq/’lq)l/z

Am >
2o

Af (M

where pg represents the density of quartz (2.648 g cm™), ug is the shear modulus of quartz (2.947
x 10" g cm™! s7%), and /0 is the initial frequency of the resonator. It is important to note that factors
such as temperature, pressure, viscosity of the surrounding medium, and surface roughness can
also influence changes in the resonant frequency.** However, since the experiment was conducted
under consistent conditions of 150 °C, 1.2 Torr pressure (with approximately 0.1 partial pressure
variation), and a flow rate of 40 sccm, we considered that temperature, pressure, and viscosity did
not significantly affect the changes in resonant frequency. Although the surface roughness of the
Al203- and Li-coated electrodes may not be identical, a flat surface was assumed for both to
simplify the analysis. Consequently, the mass changes can be rationally derived from the observed

frequency changes. Upon the first TMA exposure, the Li-coated electrode exhibited a mass gain
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of ~370 ng cm 2, which is approximately 9.3 times greater than that observed for the Al2O3-coated
electrode (40 ng cm™) (Figure 1b, c). This substantial difference indicates that, unlike the
predominantly self-limiting chemisorption of TMA on Al20Os3, Li metal undergoes extensive
chemical reactions with the TMA precursor. Moreover, the mass of the Li-coated sensor continued
to increase with subsequent TMA exposures, whereas the mass of the Al2Os-coated sensor
remained constant at the value observed after the initial TMA dosing. This suggests that the CVT
process on Li metal is not confined to surface-limited reactions but also involves bulk chemical
transformations. In contrast, 40 consecutive TMA exposures on the Al203 surface keeps the same
mass gain of 40 ng cm 2, corresponding to ~1 A of Al203?*, consistent with a self-limiting, surface
chemical reaction characteristic of ALD processes.

Figures 1d and e-f show FE-SEM images of the Li surfaces illustrating the morphological
changes after TMA CVT on both Al2Os3-coated and bare Li metal. The Al2O3 coating on Li metal
was accomplished using 50 TMA/H20 ALD cycles with 1 second precursor exposures, producing
a uniform surface comparable to that of the pristine Li metal (Figure S1). After 20 seconds of TMA
CVT on the Al2O3 ALD Li, no noticeable morphological changes are observed compared to its
pre-CVT state (Figure 1d). In contrast, TMA CVT on the bare Li for 5 seconds (TMA-5s) led to
the formation of dense spherical morphology, several hundred nanometers in diameter, on the Li
metal surface (Figure le). With extended TMA CVT time for 20 seconds (TMA-20s), spherical
morphology further evolved into a continuous, flat, and dense layer, visually appearing darker
black on the Li metal surface (Figure 1f and Figure S2). Notably, EDS elemental mapping showed
a low Al content of 5.4 % for the AlO3 ALD Li metal, whereas the Al content significantly
increased to =21.1 % on bare Li subjected to the same TMA CVT for 20 seconds (Figure S3).

This substantial increase indicates that the CVT process induces extensive chemical reactions
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between Li metal and TMA leading to pronounced morphological changes on the order of
hundreds of nanometers and a final composition that is strongly dependent on the duration of TMA
exposure. In addition, cross sectional SEM images of Li metal anodes after TMA CVT times of 5
and 20 seconds show uniform layers of approximately 800 nm and 2 um thickness, respectively
(Figures 1g, h). It is notable that the lower mass gain observed in QCM, despite the substantial
structural changes seen in SEM, can be attributed to differences in Li film morphology, specifically
the porosity and reduced density of e-beam-evaporated Li relative to roll-pressed Li foils, as well
as the contribution of low-density species within the CVT-formed SEI layer. These combined
factors reconcile the discrepancy between the nanogram-scale mass change and the micron-scale

morphological evolution.

2.2 Analysis of SEI following CVT on Li metal

To investigate the role of CVT in modifying the SEI layers on the Li surface, we performed XPS
measurements to compare the composition of the SEI layers on bare Li, TMA-5s, and TMA-20s.
Figure 2 shows high resolution C 1s, O 1s, Al 2p, and Li 1s XPS spectra of the SEI layers formed
on bare Li and following 5s and 20s CVT. Corresponding survey spectrums were also shown in
Figure S4. On bare Li, the native passivation layer is generally dominated by Li2CO3 and Li20.
Although LiOH may form transiently, it readily converts to Li2O or Li2CO3 upon exposure to trace
O2 or CO:z. For this reason, LiOH was not considered a major component of the native passivation
layer. The surface Li2CO3 impurity is characterized by a O—C=0 peak at 288.5 eV in the C 1s,%
531 eV in the O 1s, and 55.0 eV in the Li Is XPS spectra (Figure 2a, d, j). Li2O is identified by
peaks at approximately 528.3 eV in the O 1s and 53.8 eV in Li 1s XPS spectra (Figure 2d, j).2” In

contrast, the intensities of the corresponding peaks were significantly reduced in TMA- 5s and
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and (c, f, i, ) TMA-20s.
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TMA-20s, suggesting removal of the surface impurities or modification of the native passivation
layer through CVT (Figure 2b, e, k and Figure 2c, f, ). Moreover, new peaks appear after CVT,
including R-Li and Al-C peaks at approximately 283.3 eV in the C 1s XPS spectra, as well as Li—
Al and Al-C peaks at approximately 70.5 eV and 73.5 eV in the Al 2p XPS spectra (Figure 2a-c,
and Figure 2g-i).2® This implies that Li metal chemically reacted with TMA, leading to the
formation of Li—Al, Li—C, and Al-C bonds. Additionally, we suggest that the formation of C-O
peaks after CVT primarily originate from surface Li2COs and Li2O species, which are
progressively transformed and consumed during surface reconstruction and subsequent reactions
between Li metal and TMA. Therefore, these signals should not be interpreted as evidence of
newly generated compounds but rather as a reflection of the dynamic evolution of pre-existing
surface species. The detailed structure of the SEI formed after CVT for 20 seconds was examined
using XPS depth profiling measurements (Figures 3a-d). For reference, we also performed XPS
measurements on a Li-Al alloy sample. In the outermost SEI layer, a strong C—C peak was
observed in the C 1s XPS spectrum, while the intensity of the metallic Al and Li—Al peaks in the
Al 2p and Li 1s XPS spectra gradually increased with depth into the SEI layer. During sputtering,
the AI-C peak in the Al 2p XPS spectrum initially increased and then decreased and disappeared
by 1500 s, whereas the AI-C/R—Li peak in the C 1s XPS spectrum increased and remained strong
until 6000 s. This suggests that R—Li extends much deeper below the SEI surface compared to Al-
C. Therefore, TMA CVT facilitates SEI formation, with an inner layer composed of metallic Al,
Li—Al and R-Li, a middle layer composed of Al-C, and an outermost layer of carbonaceous
compounds. To further elucidate the composition of the carbonaceous layers on the Li surface after

CVT, we conducted UV Raman spectroscopy (Figure 3¢). The TMA-20s sample was loaded into

an air-tight Raman cell inside the Ar-filled glovebox followed by air-free transfer into the Raman
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spectrometer where analysis was performed under a continuous helium flow. The Raman peaks
observed at approximately at 1370 cm™' and 1590 cm™' corresponding to the D and G bands,
respectively. This indicates that the carbonaceous SEI layer on the Li surface is predominantly
disordered, which aligns well with the characteristic spectrum of amorphous carbon.?%°
Additionally, distinct peaks at 598 ¢m™' and 2917 cm™!, corresponding to Al-C and AIC-H
vibrations, respectively, were clearly identified by UV Raman spectroscopy, further supporting

the formation of Al-C species on the Li metal surface. The binding energies of the XPS peaks and

their corresponding references are provided in Table S1.

2.3 Reaction mechanism of TMA CVT on Li and native SEI

Previous studies of TMA thermal decomposition may be insightful as they refer to compounds that
we have identified in our XPS analysis. For instance, Zhang et al. reported that TMA undergoes
thermal decomposition at temperatures below 500 °C resulting in the formation of Al-C-Al-C
compounds.’! At significantly higher temperatures (950—1100 °C), pyrolysis of TMA has been
shown to produce aluminum carbide powders.>?> Other studies have demonstrated the
decomposition of TMA on heated metal and Si(100) surfaces at temperatures up to 900 K revealing
the formation of Al-Al bonds and carbonaceous species indicative of Al-C bond cleavage.** While
the exact reaction pathways between TMA and Li metal differ from these thermal processes, our
work suggests that fresh Li metal catalyzes a similar decomposition behavior, resulting in the
deposition of the metallic Al, Al-C, and amorphous carbon composite on the Li surface. The high
reactivity of TMA is attributed to its electron-deficient aluminum center®® which readily accepts
electrons from donor species. In this study, Li metal appears to act as an electron donor facilitating

the decomposition of TMA and enabling surface modification via catalytic reaction pathways.>*
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To understand the reaction mechanism of TMA CVT on Li metal and its native passivation layer,
we conducted computational studies based on density functional theory (DFT) calculations of
TMA reaction on three different surfaces: Li, Li2O, and Li2CO3. The most commonly observed
and stable surfaces: the (110) surface for Li,>>% the (111) surface for Li»0,3”*° and the (001)
surface for Li2CO3*'™* were selected. Figure 4 shows energy profiles for the stepwise
demethylation reaction of TMA on the Li (110) surface along two different pathways, with insets
showing the optimized geometries at each reaction step. The demethylation reaction of TMA can
be represented as follows:

TMA (g) + * - TMA" (2)
TMA* + * > DMA* + CH;" 3)
DMA* + * - MA* + CH5" 4)
MA* + x > Al* + CH5" (5)
where * represents the surface, DMA” is AI(CHz)2", and MA" is AICH3". In both pathways, the
relative energy values are reference to step (2) which corresponds to gas phase TMA and the Li
surface. The adsorption of TMA (TMA”) results in a substantial energy stabilization of 1.3 eV,
indicating a strong interaction between TMA and the Li surface. Figure 4a shows the stepwise
demethylation pathway, ultimately leading to the formation of Al” with a relative energy of —2.2
eV. This pathway suggests a relatively direct and thermodynamically favorable decomposition
process where the Al atom remains on the top layer of the Li surface. Moreover, Figure 4b shows
a different decomposition pathway in which demethylation is accompanied by a structural
rearrangement of the Li surface. In both cases, all atomic positions were fully relaxed (with the
lower Li layers constrained as described in the Methods), and the “without rearrangement”

condition in Figure 4a corresponds to a local minimum where Al remains on the top of the lattice.
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Figure 4. Energy profiles for TMA reaction via demethylation (a) on the Li surface and (b) on the Li surface with
subsequent rearrangement. Insets present optimized geometries (green: Li, light blue: Al, dark brown: C, and white:
H).

For both cases, multiple adsorption configurations of TMA and CHs* were investigated, and only
the most stable states are reported. This pathway demonstrates that demethylation proceeds with
thermodynamic stabilization, ultimately reaching a final state with an energy of —3.7 eV. The
rearrangement involves Al displacing Li atoms from the top layer thereby modifying the local
electronic structure and coordination environment. Consequently, the Li—Al rearrangement
explains why the reaction extends beyond the surface and progresses into the bulk as the CVT time
increases (Figures 1b, c¢). The insets in Figure 4 show the evolving surface configurations
illustrating how Al” and CH3" interact with the Li substrate at each stage. This comparison between
the two pathways highlights the role of surface structure and coordination effects in determining
the stability and reactivity of TMA-derived intermediates on the Li surface. Furthermore, the
observed energetically favorable bonding between Li—Al and Li—C is further supported by the XPS
and Raman results presented in Figures 2 and 3. While TMA preferentially adsorbs on Li2O and
Li2COs surfaces, its demethylation is not thermodynamically favorable (Figure S5 and S6).

However, due to the electron deficient nature of the Al atom in TMA, Li atoms beneath the thin
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Li20 or Li2COs layer may function as catalysts for structural rearrangement between adsorbed Al
atoms, thereby facilitating the removal of the native SEI layer on the Li surface (Figure 2 and 3).

During the formation of MA" via the removal of two methyl groups, there is a possibility of
C2Hs gas generation through the coupling of two CH3" species. On the Li surface without surface
structural rearrangement (Figure 4a), the relative energy of C2Hs formation with MA”" is calculated
to be —0.8 eV, which is higher than that of MA" with two CH3" species at —2.2 eV. Similarly, when
Li surface rearrangement is considered (Figure 4b), the energy of C2Hs formation from TMA is —
1.4 eV, which remains higher than the MA" intermediate with CH3" at —2.7 eV. This suggests that
methyl groups are more likely to remain adsorbed on the Li surface rather than desorbing as ethane.
However, in the CVT setup where a constant flow of Ar carrier gas is maintained, any ethane
product would be swept away from the surface, thereby shifting the equilibrium towards ethane
formation. In contrast, on the Li2O and Li2CO3 surfaces, the relative formation energies for C2Hs
are calculated to be 0.14 eV and 0.97 eV, respectively, both lower than those of the corresponding
MA” intermediates with two CHs" groups. Nevertheless, the overall process, including ethane
release and TMA demethylation, remains thermodynamically unfavorable due to the relatively
stronger adsorption of TMA on these oxidized surfaces.

To further investigate potential gaseous reaction byproducts generated during CVT, we
performed in situ QMS measurements with 10 sequential, 5 s TMA exposures separated by 15 s
purge periods in a reactor containing Li metal (Figure S7). We also performed a background
measurement under the same TMA dosing conditions but without Li metal in the reactor (Figure
S8). For the empty reactor, we observed peaks corresponding to CHz" (m/z = 15) , and AI(CH3)2"
(m/z = 57), both of which are fragments of the parent TMA compound.** A small peak at m/z =

29 is expected based on the TMA cracking pattern,** but we do not observe distinct m/z = 29
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signals during the TMA dosing in our background measurement (Figure S8). Although we observe
an increase in the m/z =29 noise floor that correlates with the TMA dosing, the signals are actually
lower when the TMA valve is opened so we believe this is an artifact. During the in situ QMS
measurements with the Li metal anodes installed in the reactor, we observe the same TMA
fragments at m/z = 15 and m/z = 57, but a new peak appears at m/z = 29, followed by the TMA
dose, that we attribute to C2Hs', a fragment of ethane [NIST database]. The persistence of this
peak over multiple TMA exposures suggests that this is not the result of a self-limiting surface
reaction but rather forms continuously during the CVT reaction of TMA with Li metal. Although
the DFT calculations predict that MA" is more stable compared to C2Hs, ethane formation also has
a negative free energy, and our QMS measurements indicate that some ethane is produced during

CVT and is transported away from the Li surface by the carrier gas flow.

2.4 Electrochemical performance of TMA CVT on Li

The CVT-derived SEI layer described above is composed of metal-carbon composite layers and
Li—Al alloy phases. This unique SEI composition could be beneficial for enhancing
electrochemical performance in batteries, given that metal-carbon composite anodes have
previously demonstrated excellent electrochemical behavior.*>*¢ To evaluate this hypothesis, we
conducted a series of electrochemical measurements using various testing methodologies. Figure
5a shows the voltage profiles of Li electroplating on bare Li, TMA-5s, TMA-10s, and TMA-20s
using 1.2 M LiPFs in EC/EMC (3/7, w/w) electrolyte at a current density of 0.5 mA ¢cm 2. When
CVT was applied for 5-10 seconds, the nucleation overpotential decreased to less than half of that
observed for bare Li. However, extending the CVT time to 20 seconds resulted in the nucleation

overpotential exceeding that of bare Li. This facile Li nucleation on TMA-5s might be attributed
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to the spherical morphology formed on the Li surface which serve as effective nucleation sites.
We also measured the exchange current density for bare Li, TMA-5s, TMA-10s, and TMA-20s
(Figure 5b). The exchange current density was calculated from the Tafel plot in the high
overpotential region (> 118 mV at 25 °C) at a scan rate of 1 mV s! (Figure S9). Interestingly, the
exchange current density (i0) increased with increasing nucleation overpotential (7), implying that
Li nucleation becomes more facile as the exchange current density decreases under the same
electrolyte conditions. The correlation between 7 and io can also be explained by the Tafel equation

(6) and the Gibbs free energy of nucleation (7), as shown below:*43

i aF|n|
1 — | = =A
°g<i0 o3y~ Al (6

2nr3nF|n| )
AGrucieation = 3. + 2nr“o = B|n| + Co (7)
m

where R is the gas constant, 7 is the temperature, F' is the Faraday's constant, r is the radius of the
semi-sphere morphology, Vi is the molar volume of Li, a is the transfer coefficient, and ¢ is the
surface tension between Li and the electrolyte. By combining equations (6) and (7), the nucleation
process of Li on different substrates is not only related to # but also to io.

Next, we compared the electrochemical performance of TMA CVT 20 um Li with a sulfide
solid-state electrolyte (LPSCI) and a carbonate electrolyte (1.2 M LiPF¢ in EC/DMC (3/7, w/w)).
Figure 5c shows the voltage profiles of Li|Li symmetric cells with the conventional carbonate
electrolyte at an areal capacity of 0.2 mA h cm™ and a current density of 0.2 mA cm 2. TMA-5s
exhibited stable cycle performance over 300 hours maintaining a constant overpotential below
0.05 V during extended cycles (Figure S10). With increasing CVT time beyond 5 seconds, cycle
performance gradually decreased, and for TMA-20s, cyclability was even lower than that of bare

Li. Figure 5d shows the Nyquist plots of Li|Li symmetric cells with a carbonate electrolyte after 3
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Figure 5. (a) Nucleation overpotential of bare Li, TMA-5s, TMA-10s, and TMA-20s at 0.5 mA c¢cm=, and (b) the
corresponding exchange current density from the fitted Tafel curves at a scan rate of 1 mV s7.. (c) Voltage profiles
and (d) Nyquist plots of 20 pm Li|20 pm Li symmetric cells after various times of TMA CVT on Li. Voltage profiles
were obtained with an areal capacity of 0.2 mA h cm 2 at a current density of 0.2 mA 2, using 1.2 M LiPFs in EC/DMC
(3/7) as an electrolyte. (e) Voltage profiles and (f) Nyquist plots of 20 um Li[LPSCI20 pm Li and TMA-
5s|[LPSCITMA-5s cells with an areal capacity of 0.2 mA h cm™? at a current density of 0.2 mA=2 (g) Cycle
performance and (h) corresponding voltage profiles of NMC 811 with 20 pm Li, TMA-5s, and TMA-10s using 1.2 M

Cycle number

LiPFs in EC/DMC (3/7) + 5 wt% FEC as the electrolyte.
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days of rest at room temperature. The semicircle size, representing the sum of SEI and charge
transfer resistance, gradually increased with longer CVT times exhibiting the same trend as the
cycle performance. This is attributed to the fact that spherical morphology formed on the Li surface
were excessively thickened by the amorphous carbon layer which leads to an increase in interfacial
resistance hindering Li" transport when CVT is conducted for more than 5 seconds. Figure 5¢
shows the voltage profiles of Li[LPSCI|Li cells at an areal capacity of 0.2 mA h cm™ and a current
density of 0.2 mA cm?. TMA-5s exhibited uniform plating and stripping with a constant
overpotential for over 300 cycles, lasting approximately 7 times longer than bare Li at room
temperature. This significant improvement in cyclability can be attributed to the multilayered SEI
formed after TMA CVT consists of distinct functional layers, each serving a unique role at the
interface between the sulfide solid-state electrolytes (SSEs) and Li metal. The innermost Li-Al
alloy-based SEI layer can mitigate volume expansion and serve as lithiophilic nucleation sites,**-*
while the outermost amorphous carbon layer facilitates Li* transport through pathway channels
resulting in lower interfacial resistance and enhanced wettability.’'">* Nyquist plots collected
before cycling also revealed that the interfacial resistance at the TMA-5s-LPSCI interface was
nearly half of that at the Li-LPSCI interface (Figure 5f). Figure 5g shows the cycle performance
of 20 um Li | NMC811 with carbonate electrolyte with 5 wt% FEC additives for bare Li, TMA-
5s, and TMA-10s at a C/3 rate. Figure 5h shows the corresponding voltage profiles for 20 um Li |
NMCS8I11 cells after 410 charge-discharge cycles. TMA-5s demonstrated stable cycling for 500
cycles whereas bare Li showed discharge capacity fading after 400 cycles. These results clearly
demonstrate that TMA CVT Li exhibits excellent stability with SSEs and carbonate electrolytes

compared to bare Li owing to its multifunctional SEI layer.
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Figure 6 shows a comparative schematic of the CVT process and the conventional ALD process
on Limetal anodes. In Al20O3 ALD, TMA and H2O are alternatively introduced and the TMA reacts
with surface —OH groups formed by H20 exposure on the native passivation layer to enable layer-
by-layer growth. In contrast, the CVT process exhibits a distinctive mechanism. When TMA 1is
dosed for a short time (1 second), no appreciable reaction is observed (Figure S11). However, with
extended exposure (> 5 seconds), the native passivation layer on the Li surface is gradually
removed allowing TMA to chemically transform the Li metal to form a robust, multi-layer SEI
architecture. This architecture consists of spherical morphology with a Li—Al alloy in the inner
region and amorphous carbon on the surface. The resulting structure exhibits excellent stability
against both SSEs and carbonate-based liquid electrolytes. It is somewhat surprising that the CVT
process has not been reported in previous studies of A1203 ALD on Li metal anodes.'*!* This may
be attributed to insufficient TMA exposure in previous studies or to the presence of a thick native
passivation layer that hindered chemical interaction between TMA and Li. Indeed, when we
performed CVT using lithium with a heavily passivated surface, no noticeable color change
occurred but the Li2CO3 peak signal decreased in C 1s XPS spectra. However, after mechanically
polishing the surface to remove the passivation layer, the Li foil immediately reacted with TMA
within one second (Figure S12). In addition, once 50 TMA/H20 ALD cycles of the conventional
Al203 ALD process are completed, the resulting layer effectively inhibits the CVT process, as

demonstrated in Figure 1d.
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Figure 6. Schematic illustration of the (a) atomic layer deposition (ALD) process for aluminum oxide and the (b)
chemical vapor transformation (CVT) mechanism of the TMA precursor on the Li metal anode.
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3. CONCLUSIONS

In this study, we demonstrated the chemical vapor transformation (CVT) mechanism of
trimethylaluminum (TMA) on Li metal anodes providing insights into the interfacial modification
of Li metal anodes for high energy density batteries. Unlike conventional atomic layer deposition
(ALD), the CVT process on Li metal exhibits a distinct reaction behavior due to the presence of
native passivation layers and the intrinsic chemical reactivity of Li metal. Through in situ QCM
and QMS, ex situ XPS and UV Raman spectroscopy, and DFT calculations, we elucidated how
TMA interacts with both the native SEI and bare Li forming a multilayer SEI structure with a Li-
Al alloy at the inner interface and amorphous carbon at the outer surface. Taken together, the QCM
mass evolution, depth-resolved XPS, SEM cross-sections, and DFT calculations support a
subsurface-assisted mechanism in which TMA initially reacts with thin or defective regions of
Li2O/Li2COs3, enabling access to the underlying Li metal. Subsurface Li atoms subsequently
promote Al insertion and methyl-group cleavage, lowering the reaction barrier and facilitating
progressive removal of the native passivation layer. As a result, a chemically graded interphase
forms, with an outer amorphous carbon layer, a mid-region containing Al-C species, and an inner
Li—Al alloy layer. The continuous, non-self-limiting mass increase observed in QCM, and the
large-scale structural reconstruction seen in SEM, are fully consistent with this mechanism.
Electrochemical evaluation confirmed that Li metal treated with TMA for 5 seconds (TMA-5s)
exhibited significantly enhanced cycling performance in both sulfide solid-state electrolytes
(SSEs) and carbonate electrolytes. Notably, the TMA-5s|LPSCITMA-5s cell achieved a cycle life
up to seven times longer than bare Li, while TMA-5s|]1.2 M LiPFs in EC/EMC|TMA-5s
demonstrated more than double the cycling stability. These improvements are attributed to the

lithiophilic Li-Al alloy layer which enhances interfacial stability and the amorphous carbon layer
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that facilitates Li" transport. However, excessive CVT exposure beyond 5 seconds led to increased
interfacial resistance underscoring the importance of optimizing CVT conditions for practical
applications. Overall, our findings highlight CVT as a scalable and efficient method for enhancing
the stability and electrochemical performance of thin Li metal anodes, given the total reaction
times of just a few seconds. The ability to rapidly functionalize Li surfaces in a single step opens
new pathways for advancing next-generation Li metal batteries, including all-solid-state batteries,

by mitigating key interfacial challenges.

EXPERIMENTAL PROCEDURES

ALD and CVT of Li metal: ALD and CVT were performed in a custom viscous flow stainless
steel tube reactor system connected to a glovebox, using Ar (UHP, 99.999 %) as the carrier gas at
a flow rate of 40 sccm, 150 °C, and a pressure of approximately 1.2 Torr.>*> Al,O3 ALD was
conducted by alternating exposures to TMA and H20, with each precursor dosed for 1 s, followed
by a 15 s purge. TMA CVT was conducted by exposures to TMA for 5, 10, 20 s, followed by a 15
s purge.

Materials: 1.2 M LiPF¢ in EC/EMC (3/7, w/w) with or without 5 wt% of FEC was used as liquid
electrolyte. 20 um Li metal foil was purchased from Honjo Metal, Japan. Commercial LPSCI
powder was received from NEI, USA. LiNio.sMno.1Co0.102 was purchased from MTI corporation.
For the preparation of LiNiosMno.1Co0.10z2 electrodes, active materials were mixed with carbon
black (Super P) and polyvinylidene fluoride (PVdF) in a weight ratio of 8:1:1. The slurry in N-
methyl-2-pyrrolidone (NMP) solvent was casted onto an Al foil current collector. Electrodes were

dried under vacuum overnight at 120 °C before use.
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Materials Characterization: In situ quartz crystal microbalance (QCM) measurements were
conducted using modified quartz crystals installed in a QCM holder (Maxtek BSH-150 bakeable
sensor head). CVT was conducted by dosing multiple times of TMA for 2 seconds followed by a
30 second purge. Prior to CVT, the QCM signal was stabilized inside the ALD reactor at 150 °C.
The modified quartz crystals were prepared by depositing approximately 10 nm of Al2O3 and 500
nm of Li metal, respectively. Electron beam (e-beam) deposition of Li metal thin films was
performed in a UHV chamber (base pressure 5 x 1071 mbar) with direct connection to an Ar
atmosphere glove box. E-beam evaporation was performed using a 5 kV accelerating voltage and
3 mA emission current at a source-to-substrate distance of ca. 50 cm. Background pressure was
<5x 107 mbar throughout e-beam deposition. In situ quadrupole mass spectrometry (QMS)
measurements (Stanford Research Systems, Model RGA300) were performed in the downstream
region of the reactor within a differentially pumped chamber, separated from the reactor tube by a
35 um orifice. This setup maintained an approximate pressure of 107 Torr in the QMS chamber.
Gas-phase products generated during the CVT could pass through the orifice and be detected by
the QMS, which was interfaced with a PC for data recording. UV Raman spectroscopy was
employed to probe the chemical information of the surface of the samples. The laser excitation
wavelength of 375 nm was provided by the second harmonic generation output of 750 nm laser
line from a 4 kHz repetition rate, nanosecond pulsed, wavelength-tunable Ti:Sapphire laser
(Coherent, Indigo-S). A collimated laser light was focused onto the sample, and the scattered light
from the sample refocused with a home-made 90° off-axis ellipsoidal reflector with the
backscattering geometry to a triple-grating spectrometer (Princeton Instruments, Trivista 555)
where Rayleigh light was filtered out and stray light significantly suppressed.’® The Raman light

was collected by a UV-enhanced liquid nitrogen cooled CCD detector (Princeton Instruments,
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SPEC-10). To avoid possible laser-induced degradation of samples during Raman measurements,
low laser powers were delivered on the sample (typically 1 mW). All Raman spectrum of the
samples were obtained in flowing helium (~100 mL min!) at room temperature using in situ
Raman cell (Harrick Scientific). A field emission scanning electron microscope (FE-SEM, JEOL
IT800HL, Japan) was performed in the Center for Nanoscale Materials (CNM) at Argonne to
obtain scanning electron microscopy (SEM) and energy-dispersive spectrometry (EDS) mapping
images. X-ray photoelectron spectroscopy (XPS) was performed in an UHV operating at base
pressures of 10~ mbar (Thermo Scientific, ESCALAB 250Xi) with a nominal spot size of 400 um
and pass energy of 50 eV. A depth profile for each element was calculated from the integrated
peak intensity and an ionization constant for each element. The estimated etching rate process was
0.19 nm s™!, based on Ta20s as a reference. Binding energies were calibrated with respect to the
adventitious carbon C 1s peak at 284.8 eV.

Electrochemical Measurements: Li|Li symmetric cells and Li|LiNio.sMno.1C00.102 cells were
assembled using 2032-type coin cells, with 20 um Li metal foil used in all experiments. The cycle
performance of Li|Li symmetric cells was evaluated with Arbin BT-2043 battery cycler at room
temperature. The cycle performance of Li|LiNio.sMno.1Co00.102 cells was evaluated using a Macor
battery cycler in the voltage range of 3.0-4.3 V (vs. Li/Li") at 30 °C. The 1 C rate for
LiNio.sMno.1Co0.102 was equivalent to 180 mA h g~!, with a mass loading of approximately 2.5 mg
cm 2. A bulk-type Li|LisPSsCl|Li cell was fabricated using a trilayer structure consisting of two 20
um Li metal foils and a solid electrolyte pellet. The solid electrolyte layer was first pelletized at
150 MPa, forming pellets with a diameter of 10 mm and a thickness of approximately 500 um.
Subsequently, Li metal foils were attached to both sides of the solid electrolyte pellet. The Tafel

plots of Li|Li cells were obtained at a scan rate of 1 mV s!. Electrochemical impedance
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spectroscopy (EIS) was performed using an SP-300 potentiostat (Biologic, France) in a frequency
range from 1 MHz to 10 mHz with a potential amplitude of 10 mV.

Computational Methods: All computations were conducted using spin-polarized density
functional theory (DFT) methods. Surface system calculations were performed with the Vienna
Ab initio Simulation Package (VASP) employing the projector augmented wave (PAW) method.
The electron-exchange correlation energy was described using the strongly constrained and
appropriately normed (SCAN) meta-generalized gradient approximation (meta-GGA) functional.
Three different surfaces were obtained based on the bulk structures: Li (Im3m), Li2O (Fm3m),
and Li2COs3 (C/2c¢). All bulk structures were optimized using a plane-wave cutoff energy of 550
eV and a 6 x 6 x 6 k-point mesh within the Monkhorst-Pack scheme, ensuring a force convergence
threshold of 20 meV A~!. The calculated bulk lattice parameters of Li are a=b=c=3.4727 A, which
are in good agreement with the experimental Li lattice parameters (a=b=c=3.48 A).>” For Li2O,
the optimized lattice parameters, a=b=c= 4.567 A, closely aligned with the theoretically
extrapolated lattice parameters of a=b=c=4.573 A at T = 0 K, which is approximately 0.05 A
smaller than the experimentally measured room-temperature value, 4.619 A.3%% For Li.COs, the
optimized lattice parameters (a = 8.318 A, b = 4.982 A, and ¢ = 6.055 A) closely match the
experimental values (a = 8.355 A, b=4.991 A, and ¢ = 6.139 A), demonstrating good agreement
between the computational and experimental results.®® Surface models were optimized using a
plane-wave cutoff energy of 400 eV and a 2 x 2 X 1 k-point mesh within the Monkhorst-Pack
scheme, with the bottom three atomic layers constrained. The self-consistent field (SCF) iterations
were terminated upon reaching a convergence criterion of 1 x 107> eV, while ionic relaxation was

completed when the forces on all atoms were below —0.03 eV/A. Gas-phase molecular energies
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and geometries were determined by placing the molecules in a cubic simulation box of 30 x 30 x

30 A, employing a single I'-point for the calculations.
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